Introduction
GaN-based light-emitting diodes (LEDs) have been widely applied in large full color displays, traffic signals, backlights for liquid crystal displays, and lighting illuminations. To enable the use of such LEDs in next-generation applications, further improvements in their optical powers and external quantum efficiencies are required. Typically, GaN layers are grown on planar sapphire substrates by heteroepitaxial techniques such as metal-organic chemical vapor deposition (MOCVD). However, these GaN layers tend to exhibit high threading dislocation densities owing to the large lattice mismatch between GaN and the sapphire substrate as well as the difference in their thermal expansion coefficients [1] . To overcome this problem, a facet-initiated epitaxial lateral overgrowth (FIELO) method has been proposed [2] . In this method, reduction of dislocation density was achieved by facet formation through micron-size openings (micro-channel) between SiO 2 line masks. The dislocation density could be decreased to 6 × 10 7 cm -2 for a layer with a thickness of 140 μm. Therefore, more than 90% of the dislocations were reduced by using FIELO method. In order to further decrease the dislocation density and to obtain thinner GaN templates, nano-sized channels (nano-channels) are required. Therefore, we proposed recently a novel nano-FIELO method by using nano-channels for preparing high-quality GaN templates [3] [4] . However, scanning nanostructure-writing tools, such as electron beam lithography and ion beam lithography, are costly, exhibit low throughputs, and have a writing field that is limited to several hundred micrometers and is hence insufficient to form nano-channels. In addition, different fields cannot be switched together accurately enough to connect two channels. On the other hand, ultraviolet (UV) nanoimprint lithography (NIL) [5] [6] [7] [8] is a low-cost, high-throughput technique and it is easier to extend pattern area compared to above writing tools.
In this paper, we show that UV-NIL and inductivity coupled plasma (ICP) etching processes are successfully applied to fabricate nano-channel structures on SiO 2 mask deposited on thin GaN layer and to grow high crystal quality GaN template with low dislocation density.
Experimental
The process for fabricating the GaN template is shown schematically in Fig. 1 . First, a UV curable resin was spin-coated on a 2-inch sapphire substrate on which a 50-nm-thick SiO 2 layer and a 2-μm-thick GaN layer had been previously deposited. Then, a 50 nm line and 50 nm space pattern with 100 nm in depth was formed on the resin by UV-NIL using a polyethylene terephthalate (PET) mold. The demolding was performed manually. Then, the residual layer was removed, and the SiO 2 mask was fabricated by ICP etching followed by the ashing of the resin remaining on the mask. Finally, GaN was grown through the nano-channels of the mask, resulting in the formation of facet structures. With the growth of GaN, the surface of the substrate became flat, resulting in a continuous GaN layer.
In the imprinting process, a mold made of PET film was pressed into the UV-curable resin (NIF-A-1, Asahi Glass Co., Ltd.) using a nanoimprinter (ST50, Toshiba Machine Co., Ltd.) at room temperature. The pattern area was 25 × 25 mm. The wavelength of the UV radiation used was 365 nm, and the exposure dose was 400 mJ cm -2 . A pressure of 3 MPa was applied. Since the substrate was convex and bent upward owing to the difference in the coefficients of thermal expansion of GaN and the sapphire substrate, a quartz mold could not fit the substrate. For this reason, the resin would not be pressed by uniform pressure and this would have resulted in the thickness of the residual layer being different in different places. This would have prevented the growth of GaN through the nano-channels in which SiO 2 remained after the etching process, owing to the differences in the residual layer thickness. A mold of PET film, however, is flexible and could fit the substrate, allowing for the formation of a uniform residual layer.
The imprinted patterns were used as an etching mask to faithfully transfer the nano-channels into the underlying SiO 2 layer by ICP etching, which was performed using a RIE-101iPH system (SAMCO Inc.). The etching process consisted of three parts: (a) the removal of the residual layer, (b) the dry etching of the SiO 2 layer, and (c) the ashing of the resin remaining on the mask. We used an O 2 -based etching process to remove the residual layer, a C 3 F 8 -based etching process to transfer the nano-channels into the SiO 2 layer, and a brief O 2 -based ashing process to clean the surface of the SiO 2 mask. The etching selectivity of SiO 2 to UV curable resin was 1.1 in C 3 F 8 -based etching process.
Finally, GaN was grown by hydride vapor phase epitaxy (HVPE). In this method, Ga is made to react with HCl, resulting in GaCl. GaN is then deposited on the substrate following the reaction of the produced GaCl with NH 3 at 1040 C. GaN grew to form facet structures, which then coalesced with each other. Eventually, the growth surface became flat, resulting in a continuous GaN layer.
To evaluate the crystal quality of the fabricated GaN template, etch pit density and photoluminescence (PL) measurements were performed. Determining the etch pit density by counting the number of etch pits in a 20 × 20 μm area of the GaN layer using atomic force microscopy (AFM) allowed its dislocation density to be estimated. The etch pits were formed by dipping the substrate in an etching liquid, i.e., a mixture of H 2 SO 4 and H 3 PO 4 solutions, at 240 C.
The PL measurements, performed at room temperature, were used to evaluate the optical properties of the GaN template. The second harmonic of a mode-locked picoseconds Ti:sapphire laser whose wavelength is 355 nm was used as the excitation source. The excitation power density was approximately 1 μJ cm -2 per pulse, and the photo-excited carrier density was estimated to be 10 17 cm -3 . 
Results and discussion
Figures 2 (a) and (b) show cross-sectional and top-view scanning electron microscopy (SEM) images of the pattern imprinted on the UV curable resin. The pattern was 47 nm in line, 52 nm in space and 96 nm in height. The thickness of the residual layer was 26 nm. These results show that the mold pattern was successfully transferred to the UV curable resin, with the error being less than 7%. Figure 2 (c) shows a cross-sectional SEM image of the SiO 2 mask on the substrate. The width of the lines of the SiO 2 mask and the opening were 53 nm and 45 nm, respectively. The height of the mask was 51 nm. These results proved that a uniform SiO 2 mask pattern was also successfully fabricated and that the error in this case was less than 10%.
Figures 3 (a) and (b) show cross-sectional SEM images of the facet structures and the GaN layer grown on the patterned substrate, respectively. As can be seen in Fig. 3 (a) , distinct facet structures formed early in the growth stage after the growth of GaN through the nano-channels. Eventually, the growth surface became flat, with the thickness of the GaN layer being 21 μm, owing to coalescence of the facet structures and resultant decrease in the gaps between them.
The dislocation density of the fabricated GaN template as estimated from the measured etch pit density was 8.5 × 10 7 cm -2 and about 9% that of a GaN template grown using the conventional MOCVD method, which was approximately 10 9 cm -2 . The reason for this considerable decrease in the dislocation density in the case of the GaN template fabricated by nano-channel FIELO is the bending of the dislocations owing to formation of facets. In addition, since the facet structures in the case of the nano-channel FIELO GaN template were smaller than those for the conventional FIELO GaN template [2] , the gaps between the facet structures in the former case decreased at a higher rate. This resulted in a thinner GaN layer (21 μm in thickness). results indicated that the crystal quality of the fabricated GaN template was high. Therefore, nano-channel FIELO method using UV-NIL and ICP etching is highly effective in reducing the dislocation densities of GaN template, making them suitable for use in next-generation GaN-based LEDs.
In the future, we intend to optimize the SiO 2 mask pattern in order to further reduce the number of dislocations in nano-FIELO GaN templates and decrease their dislocation densities such that they are similar to those of HVPE GaN substrates. Fig. 4 . PL spectra of the fabricated FIELO GaN template, MOCVD GaN template, and a freestanding HVPE GaN substrate Figure 4 shows the PL spectra of the fabricated nano-FIELO GaN template, the MOCVD GaN template, and a free-standing HVPE GaN substrate. The dislocation densities of the three samples were 8.5 × 10 7 cm -2 , 1.0 × 10 9 cm -2 , and 3.0 × 10 6 cm -2 , respectively. As shown in Fig. 4 , the PL intensity of the FIELO GaN template was higher than that of the MOCVD GaN template. This indicated that the optical quality of the FIELO GaN template was also higher than that of the MOCVD GaN template; this was owing to the decrease in the dislocation density. Furthermore, the PL intensity of the freestanding HVPE GaN substrate was the lowest among the three. These results indicated that the high crystal quality GaN template was fabricated by the nano-channel FIELO method.
Conclusion
In this study, a high-quality GaN template with a low dislocation density was fabricated by the nano-channel FIELO method using a SiO 2 mask structure. SEM observations confirmed that uniform nano-channels were successfully fabricated in the SiO 2 mask by UV-NIL and ICP etching. Results of the etch pit density measurement of the fabricated template revealed that its dislocation density was 8.5 × 10 7 cm -2 . In
